Multinucleated cells are important in many organisms but the mechanisms governing the 27 movements of nuclei sharing a common cytoplasm are not understood. In the hyphae of the plant 28 pathogenic fungus Ashbya gossypii, nuclei move back and forth, occasionally bypassing each other, and, 29 preventing the formation of nuclear clusters, this is essential for genetic stability. These movements 30 depend on cytoplasmic microtubules emanating from the nuclei, that are pulled by dynein motors 31 anchored at the cortex. Using 3D stochastic simulations with parameters constrained by the literature, 32 we predict the cortical anchors density from the characteristics of nuclear movements. Altogether, the 33 model accounts for the complex nuclear movements seen in vivo, using a minimal set of experimentally 34 determined ingredients. Interestingly, these ingredients power the oscillations of the anaphase spindle in 35 budding yeast, but in A. gossypii this system is not restricted to a specific nuclear cycle stage, possibly 36 as a result of adaptation to hyphal growth and multinuclearity. 37 38 76 (Bruusgaard et al., 2003) or the thousands of nuclei in fertilized eggs of insects (Foe and Alberts, 1983).
INTRODUCTION
Positioning the nucleus and mitotic spindle, appropriately within the cell, is critical in eukaryotes 41 during many processes, ranging from simple growth to tissue development (Morris, 2002; Dupin and 42 Etienne- Manneville, 2011; Gundersen and Worman, 2013; Kiyomitsu, 2015) . Accordingly, cells have 43 evolved various strategies to place their nucleus or spindle in the suitable location. In most studied 5 RESULTS 142 143 A computational method for validation of natural and simulated nuclear movements 144 The nuclei in live A. gossypii hyphae can easily be observed with fluorescence microscopy 145 ( Figure 2A ; Video 1), and their bidirectional movements including bypassing have already been 146 characterized (Alberti-Segui et al., 2001; Gladfelter et al., 2006; Grava and Philippsen, 2010; Lang et 147 al., 2010b; Grava et al., 2011; Anderson et al., 2013) . In these publications, different methods were 148 employed to measure nuclear movements, most not applicable for our computational simulation. 149 Therefore, we established an automatic method to measure nuclear motility parameters which we first 150 applied to re-analyze in vivo nuclear movements. Spatial and temporal information was extracted from 151 videos of 12 hyphae expressing GFP-tagged histone H4 recorded every 30 s over 25-30 min (see example 152 in Figure 2B and Video 1). In each hypha, we tracked the 2D positions of the first 5 nuclei (and in few 153 cases their progeny) to accurately follow their movements. The dataset was rotated to calculate the 154 position of the nuclei along the hypha main axis. A global analysis, first, showed that nuclei are moving 155 in the direction in which the hyphae grows (Supplemental Figure S1A) , at a speed that matches the 156 growing speed for nuclei located near the tip of the hyphae. We thus used the measured growth speed of 157 the hyphal tip to set the flow in the simulation. On top of this streaming motion, the analysis showed that 158 cMT-dependent nuclear motility is diffusive at long time scales, with an effective diffusion coefficient 159 of ~0.0113 µm 2 /s (Supplemental Figure S1B ). By comparison, the Brownian motion of the nuclei leads 160 to a diffusion coefficient of ~0.0003 µm 2 /s, using Stokes' law with our estimate of cytoplasmic viscosity. 161 Hence, although cMT-driven motions of nuclei appear non-directed, they increase the diffusion speed 162 dramatically. We also expect that Brownian forces alone would not be sufficient to permute the order of 163 the nuclei such that nuclear bypassing is a hallmark of cMTs dependent movements. 164 We then performed a more detailed analysis, as illustrated in the first three panels of Figure 3 for 165 one representative hypha. We first generated a standard representation of patterns of nuclear movement 166 to allow visual comparisons to previously published analyses ( Figure 3A ) and then produced 167 standardized schemes to document the frequent changes in the direction and speed of individual nuclei 168 ( Figure 3B and C, respectively). Using the cytoplasmic flow speed vh as a threshold, we classified the 169 movements in three categories: forward (vh < v), backward (v < 0) and tumbling (0 < v < vh) . From this, 170 we computed frequencies, durations and average speed (i.e. average of the instantaneous velocities) for 6 qualitative model for nuclear movements in A. gossypii: Cortex-anchored dynein exert pulling forces on 184 dynamic cMTs, nucleated from SPBs, and thus drive the movements of nuclei at all cell cycle stages 185 ( Figure 2B ). To test whether this model is physically plausible and sufficient to explain the observed 186 complex nuclear motility, we generated a computer simulation of the process within hypha-like 3D 187 geometry using the Cytosim platform (Nedelec and Foethke, 2007) . For cell biological parameters of the 188 simulation, we considered numerous life cell imaging data mentioned above. We also considered high-189 resolution EM studies including the EM tomography-based 3D model of an A.gossypii hypha (Lang et 190 al., 2010b; Gibeaux et al., 2012 Gibeaux et al., , 2013 . For example, nuclei with one SPB emanate 3 cMTs but a high 191 percentage of nuclei carry two side-by side SPBs emanating 6 cMTs ( Figure 3D , top image). We therefore 192 implemented simulations with 3 cMTs and simulations with 6 cMTs per nucleus for each tested condition.
193
To account for the organelle-crowded cytoplasm, we simulated mitochondria and vacuoles (Figure 3D, 194 bottom image, orange and blue organelles, respectively) as spheres the number and volume of which 195 matched the measurements as discussed in more detail below Figure 7 ). In all simulation images, these 196 spheres are present but not displayed for clarity.
197
We knew that 30 min monitoring of 5 nuclei in a 30 μm long hyphal segment, corresponding to 198 the average in vivo spacing of nuclei (Lang et al., 2010a) , is sufficient to document nuclear motility 199 parameters, and we therefore simulated a hyphal segment of this size as a cylindrical volume with 200 periodic boundaries. In the graphical representations of simulated hyphae shown in Figure 3E , a nucleus 201 or a cMT may thus leave the cylinder at the right side and reappears at the left side, or vice versa. There 202 is, however, no edge in the simulated space. The two simulation images of Figure 3E display the elements 203 that were implemented to test whether a nuclear motility pattern similar to wild type hypha can be 204 reproduced. All cMTs (thin white rods) emanate from one site (SPB or duplicated SPB) of a nucleus, 205 they remain attached to this site while they are elongating, they can undergo very fast shortening until 206 they disappear inducing at this SPB a new cMT to form immediately. Cytoplasmic MTs exclude each 207 other and cannot penetrate nuclei and other simulated organelles, they can elongate in all directions and, 208 upon contact of a tip (+end) with the cylinder boundary (cortex), continue to elongate while sliding along 209 the cylinder boundary. They are programmed to engage in pulling forces (thereby moving the attached 210 nucleus) when they hit one or more of the randomly distributed immobile white dots at the simulated 211 cortex (patches of the dynein-activating anchor Num1) highlighted by increased dot intensity, and they 212 are programmed to terminate pulling according to a detachment rate and in response to counteracting 213 forces. All quantitative parameters used for implementing the simulation of nuclear movements, such as 214 the viscosity of the cytoplasm, were obtained from the literature and are reported in Table 2 , with the 215 exception of the fitted cortical density of Num1 (see Figure 5 ). 216 We also created a flow component to model the effect of the cytoplasmic streaming present in 217 growing hyphae. Unlike in fungal colonies such as the ones made by N. crassa (Ramos-García et al., 218 2009; Roper et al., 2013) , the hyphae of A. gossypii do not fuse with each other, and the flow does not in our in vivo dataset was 0.009 μm/s (Table 1) , and we used this value for the parameter in most 225 simulations. The effects of much lower or faster cytoplasmic flow speeds on nuclear movements are 226 discussed below (see Figure 6 ).
228
A. gossypii nuclear movement patterns can be reproduced in silico. 229 We computed 200 simulations (1000 nuclei) with 3 cMTs nucleated per nucleus (Video 2), and 230 another set with 6 cMTs per nucleus (Video 3). To provide a visual readout and for comparison purpose, 231 we plotted the patterns of nuclear movement for one simulation with 6 cMTs per nucleus ( Figure 3F to 232 H). The short-range oscillations and long-range movements as well as the patterns of direction changes 233 and the speed of movements were very similar as the in vivo measurements (compare to Figure 3A to C).
234
This similarity also holds when the averages of all simulations are compared with the in vivo measured 235 values ( implemented in a third set of simulations the dynamic instability parameters of S. cerevisiae cMTs.
260
Graphical images representing the cMT length differences in simulations with altered cMT 261 dynamic are shown in Figure 4A . The parameters for dynamic instability of cMTs in hyphae lacking 262 Bik1 or Kip3 were modeled using the "classical" two-states model ( Figure 4B ). For this modeling, 263 growth and shrinkage speeds are constant, and catastrophes occur stochastically as first-order events.
264
Rescues are not considered, because rescues have not been observed in A. gossypii, but new cMTs are 265 nucleated by the SPB at each unoccupied site. We used the cMT polymerization rates vg measured in 266 8 each mutant (Grava and Philippsen, 2010) and estimated the catastrophe rate from the lengths of cMTs 267 that had been determined by light microscopy of fixed and immuno-labeled mutant hyphae. Specifically,
268
we estimated the average length L by fitting an exponential on the truncated length distributions, between 269 1 and 20 μm ( Figure 4B and Materials and Methods). Unlike the average of all values, this procedure 270 (Fraile and García-Ortega, 2005) avoided the bias in the data due to the fact that shorter cMTs would be 271 missed in light microscopy. The longest cMT in the WT dataset was 26.6 μm. and 20 μm was chosen as 272 an upper limit to include most of the data in all conditions. The catastrophe rate was then calculated as 273 vg / L which, compared to wild type, increased about four-fold in the bik1 mutant and decreased about 274 two-fold in the kip3 mutant ( Figure 4B ). The catastrophe rate for S. cerevisiae and A. gossypii cMTs are 275 similar but the growth and shrinkage speeds are three-fold slower in S. cerevisiae ( Figure 4B ) according 276 to averaged published data (Tirnauer et al., 1999; Adames and Cooper, 2000; Kosco et al., 2001; Huang 277 and Huffaker, 2006; Wolyniak et al., 2006; Caudron et al., 2008) .
278
Simulations with 3 cMTs and 6 cMTs were computed, and videos with 3 cMTs are documented 279 for bik1Δ (Video 5), kip3Δ (Video 6) and S. cerevisiae cMT dynamic (Video 7, discussed below). and more contact than wild type in the kip3 mutant), the average duration of forward and backward 291 movements increased roughly 1.5 and 3.5-fold, respectively ( Figure 4D ). The frequency of bypassing 292 events also increased (6.4 fold with 3 cMTs and 8.7-fold with 6 cMTs) and the frequency of tumbling 293 events dropped about 2-fold ( Figure 4D ; Supplemental Figure S2A ). The flow speed of 0.009 μm/s used 294 in the wild type simulations ( Figure 3 ) was also applied in these mutant simulations. As the average 295 cytoplasmic flow speed of the in vivo experiments was 0.013 μm/s (Grava and Philippsen, 2010), we 296 repeated all simulations implementing this flow speed. The results were similar except for an even higher 297 reduction in backward movements in the simulated bik1 mutant, most likely due to the increased flow 298 speed (see Supplemental Table S2 ). Altogether, these calculations demonstrate that the sole modification 299 of cMT dynamics is sufficient to explain the phenotypes observed in bik1Δ and kip3Δ mutants, 300 illustrating that cMT dynamics is a key parameter governing nuclear motions in hyphae. Supplemental Table S2 ). Nuclei dynamic parameters are very similar to those observed 306 in the simulated bik1Δ mutant, in which cMTs are also short and rarely reach a cortical activator to induce 307 active movements. However, the S. cerevisiae simulation reveals longer lasting backward movements 9 and a still low but higher frequency of bypassing events compared to the bik1 mutant. We had performed 309 this experiment knowing that A. gossypii evolved from a S. cerevisiae-like ancestor, and we thus had 310 wondered to which extend the adaptation of cMT dynamics has been important in switching from a 311 budding mechanism to filamentous growth. we assumed a similar role of Num1 in anchoring and activating dynein in both organisms. As the cortical 336 density of Num1 patches is presently unknown, we ran simulations with different numbers of randomly 337 distributed cortical anchors. As already described above, we envisage that these anchors will engage nuclear movements (see also Figure 5A and Supplemental Table S3 ). The reduction in density also 349 increases the movement frequency ratio (Figure 5B This can be understood since dynein pulling on a single cMT is sufficient to move a nucleus. In the 360 saturated regime where anchors are in excess, the frequency ratio is close to 1 (Figure 5D, left) . However, The impact of cytoplasmic streaming on nuclear movements depends on cMT number 375 To further explore the role of cMT number on the balance between forward and backward 376 movements, we searched for its importance in the context of varying flow speeds. Indeed, hypha growth 377 speed -and the resulting cytoplasmic flow -was previously shown to impact the balance between 378 forward and backward movements (Lang et al., 2010b) . However, the role of cMT number in this balance 379 has not been investigated yet. We therefore ran simulations with flow speeds randomly varying between if the nuclei nucleated 3 cMTs ( Figure 6B ). The movement frequencies ratio thus remains quite stable 387 for nuclei nucleating 6 cMTs but gets higher and highly biased towards forward movements with 388 increasing flow speed for nuclei nucleating 3 cMTs ( Figure 6C) . Noticeably, the values of frequencies are presented in Figure 6D and 6E, respectively. These patterns show that at a flow speed of 0 µm/s there 393 is no bias for any direction of movement ( Figure 6D ; 3 cMTs: Video 10; 6 cMTs: Video 11). However, 394 at a flow speed of 0.02 µm/s, a clear bias for forward movements is visible, more importantly for nuclei 395 nucleating 3 cMTs ( Figure 6E ; 3 cMTs: Video 12; 6 cMTs: Video 13). Is this clear difference between 3 396 and 6 cMTs per nucleus also seen when flow speeds are tested in hyphae with altered average cMT 397 lengths, like in the bik1 or kip3 mutants? The answer is yes, when cMTs are slightly longer as in the kip3 398 mutant, and no, when the cMTs are too short in the bik1 mutant, either with 3 cMTs (Supplemental Figure   399 S2B) or 6 cMTs (Supplemental Figure S2C ).
400
Finally, because hyphal growth can reach speeds as high as 0.05 µm/s, we wondered if the 401 reduced bias for increased cMT number would still be true in such extreme cases. We thus ran additional 402 simulations with flow speeds now randomly varying between 0 and 0.05 µm/s. For either condition, with 403 3 or 6 cMTs per nucleus, we generated 500 random values for the flow speed and ran 3 simulations for 404 each of them. Interestingly, the movement frequencies ratios still remained much lower for nuclei 405 nucleating 6 cMTs than for nuclei nucleating 3 cMTs even at very high flow speeds ( Figure 6F ).
406
Altogether, these results suggest that having additional cMTs may reduce the bias for forward movements 407 that occurs at rapid hyphal growth, i.e. large flow speeds. This also argues for an evolutionary advantage Organelle crowding interferes with nuclear movements 413 The cytoplasm of A. gossypii hyphae is a crowded environment ( Figure 3D) , and in particular 414 larger organelles may hinder the movements of the nuclei. We ran three sets of simulations to test the 415 influence of organelles (Figure 7) . In the first set, hyphae were lacking simulated organelles ( Figure 7A ).
416
In the second set, mitochondria occupying 8. 
419
This condition that is derived from electron tomography measurements is referred to as "wild-type" and 420 was used for all simulations of this publication. In the third set, referred to as "highly crowded", 421 "mitochondria" were unaltered but the diameter of the "vacuoles" was inflated to 1.4 µm ( Figure 7A ) 422 simulating the condition in older hyphae (Walther and Wendland, 2004) . A soft excluded volume 423 interaction is present between all objects (see Materials and Methods). Similar results were obtained for 424 simulations with either 3 cMTs ( Figure 7B -C; Video 14-15) or 6 cMTs (Supplemental Figure S3A-B) 425 per nucleus. The averages for nuclear motility parameters determined from these simulations are 426 summarized in Supplemental Table S4 . Between the "empty" and the "highly crowded" simulations, the 427 average duration of forward movements was reduced by ~10% (the ratios were 1.16 with 3 cMTs and 428 1.10 with 6 cMTs). Crowding also reduced the average duration of backward movements by ~5% (ratios 429 were 1.05 and 1.04), reduced the frequency of bypassing events (ratios 1.05 and 1.30) and increased the 430 frequency of tumbling events by ~20% (ratios 1.18 and 1.17). All these differences are small, which may 431 indicate that the load on dynein motors is only a small fraction of their stall force, because the viscous 432 drag on the nucleus and impeding surrounding objects do not provide much resistance. We next asked if, 433 as for cMT number, the presence of organelles could also change the balance of movements as a function 12 of hypha growth speed. We thus ran simulations with random flow speeds as described for Figure 6 Prior genetic and live-imaging studies had shown that cMT factors and the dynein motor protein 446 were necessary for the active movements of nuclei in multinucleated hyphae of A. gossypii. From these 447 data, it was possible to hypothesize that the oscillatory movements of nuclei in growing hyphae of A. 448 gossypii had evolved from the S. cerevisiae Dyn1-Num1 pathway essential for the pulling of the anaphase 449 spindle into the bud concomitant with its forth and back pulling through the bud neck. This now seems 450 to be a viable hypothesis. By simulating the process from first principles, we here demonstrated that the 451 pulling action of cortically anchored dynein motors on cMTs originating from the SPB is sufficient to 452 explain active nuclear movements observed in vivo in a quantitative manner. Importantly, the obtained 453 agreement between experiments and models was not achieved by adjusting various parameters to fit the 454 desired behavior. Instead, the key parameters of the model, except one, had been previously determined 455 experimentally (see Table 2 ), including the diameter of the cell, the densities and dimensions of the nuclei which encapsulates unknow factors such as the concentration of dynein molecules in the cell, and the 462 effectiveness of the transport, activation and anchoring mechanisms. We therefore explored the effect of 463 this parameter systematically ( Figure 5 ). As expected, reducing the quantity of anchors in the cell directly 464 reduced or disabled nuclear movements, but increasing anchor density quickly led to a plateau where 465 every cMT contacting the cortex found at least one force generator ( Figure 5C ). We selected an 466 intermediate value, which allowed us to fit all the experimental data (see Figure 3 and summary of the 467 quantifications in Table 1) Figure 5 , when the ratio of forward / backward movement frequencies is ~1). It seems more 480 advantageous, biologically, to remain away from this regime, to benefit both from a convective motion 481 that keeps the nuclei equidistant to the growing tip of the hyphae, and from the dynein-mediated active 482 diffusion, that permutes nuclei. This means that the cell must avoid excessive cortical pulling on its cMTs, 483 by keeping the density of anchors below a certain threshold, or via some other mechanism. 484 14
The model made some interesting findings that help us reinterpret recent experimental results.
485
Firstly, the simulations matched the in vivo observations better with 6 cMTs nucleated per nucleus than 486 with 3 (Table 1) . We interpret this to reflect that a high proportion of nuclei carries duplicated side-by-487 side SPBs, which is consistent with the fact that, although SPBs nucleate 3 cMTs on average (Gibeaux   488   et al., 2012) , up to 6 cMTs were observed in live imaging of GFP-AgTub1 "wild type" cells (Lang et al., 489 2010b). Secondly, our analysis regarding cMT dynamics (Figure 4 ) demonstrated that the mutant 490 behavior in bik1Δ and kip3Δ cells could be explained solely by a change in the cMT properties at the 491 plus end (polymerization and catastrophe rate). Importantly, this model also highlighted several 492 adjustments that A. gossypii had to undergo to adapt its nuclear movements to hyphal growth from a S. 493 cerevisiae-like ancestor. Specifically, cMTs became 4-fold longer, mostly through an increased growth 494 rate, making them able to reach the cortex (Figure 4) . Additionally, the density of anchors at the cortex 495 had also to increase, such as by 10-fold as suggested by our simulations, to allow enough cMT capture 496 ( Figure 5 ). Interestingly these adaptations seem enough to provide robustness with respect to the high, 497 and changing, organelle density required for hyphal growth (Figure 7) .
498
By keeping our model minimal, we could thus demonstrate that a small set of ingredients are 499 enough to explain the basis of the nuclear movements observed in the growing hyphae of A. gossypii.
500
Nevertheless, some open questions remain that were not addressed. For example, we did not include 501 nuclear division, nor the true elongation of the hyphae, or their branching geometry. Also, the growth of 502 cMTs occurs at a constant speed in our model, but it could be regulated for example by cortical ER, 503 which is substantial in budding yeast (West et al., 2011) . The model omitted the formation of septa, 504 because this only occurs in older regions of the hyphae. These processes will all be exciting to simulate 505 in the future, but additional work is required to extend the model and exploit it. , 2005) . However, live cell imaging and high resolution analysis of the cMT cytoskeleton by electron 511 tomography did not reveal such interactions (Lang et al., 2010b; Gibeaux et al., 2012) . The mechanism 512 of the repulsion is thus still unknown precluding its implementation in the simulation. Nuclei repulsion 513 in A. gossypii is inferred from the shape of the distribution of distances between pairs of adjacent nuclei 514 (Anderson et al., 2013) . We thus derived such distributions from the 12 reference live cell movies and 515 12 simulations (Supplemental Figure S1D ). We could confirm that nuclei are not distributed randomly 516 in live hyphae, but are instead separated by a characteristic distance. For the simulations, we found 517 however a distribution that is close to what would be expected if the nuclei were randomly positioned, 518 with a minor indication for nuclear repulsion (Supplemental Figure S1D , see legend for more details).
519
Nuclear movements were different between 3 or 6 cMTs emanating per nucleus but still remained 520 similar in many aspects, especially in regards to their bypassing frequencies (Table 1 ). Yet the reported 521 bypassing frequencies are six times higher for a nucleus in G1 than in G2 (Gibeaux et al., 2012) .
522
According to our model, the duplication state of the SPB is however not expected to account for this SPBs contained in a common cytoplasm provide variable cMT dynamics? The challenge is that both the 527 site of force production, and the plus end of the cMT that is pulling a nucleus may be distant from this 528 nucleus. They may be actually located closer to another nucleus, such that any diffusible substance 529 emitted by a nucleus would not target the productive cMT. Nature has found a solution, however: during 530 mitosis in S. cerevisiae, for example, proteins are able to localize asymmetrically on the two SPBs, 531 although the cytoplasm is shared. This is the case for Kar9 (Liakopoulos et al., 2003) Extraction of Nuclei 2D coordinates from live imaging data 552 We used 3 recordings of live-hyphae expressing GFP-tagged histone H4 (see Supplemental Table S1 and 553 Video 1). The methods used to generate these movies are described in corresponding references. From 554 12 hyphae recorded over 25-30 min, we extracted the 2D coordinates of the hypha tip and that of the first for filaments are similar, and were given previously (Nedelec and Foethke, 2007) . A soft excluded 577 volume interaction limits the overlapping of the objects in the simulation. If two spheres of radius R and 578 R' are at position x and x' such that | + ′| < + ′, a Hookean force of resting length + ′ and 579 stiffness 100 pN/µm is applied between the two centers. Similarly, the objects are also confined within 580 the cylinder by forces that are always perpendicular to the cylinder, corresponding to frictionless 581 boundaries. For simplicity, the hypha cell is simulated as a cylinder with periodic boundaries, a standard 582 approach to simulate an unbounded system. Its fluid is in uniform motion and drags along all objects 583 within, but we neglected the variations of flow along the hyphae (Supplemental Figure S1C ), since this 584 would not be consistent with periodic boundaries. We also neglected the Poiseuille flow profile that is 585 expected in the transverse section of the hypha and also all kinds of hydrodynamic interactions, by which 586 the motion of a nucleus could affect nearby nuclei. Cortical anchors are randomly positioned on the 587 cylinder surface, and remain immobile. An anchor can engage any cMT that comes within its capture 588 radius (75 nm) at a specified rate (5 s -1 ). Engaged anchors immediately recruit a dynein force generator, 589 which is governed by a linear force-velocity relationship: they move near their maximum speed (25 nm/s) 590
